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Introduction
Nowadays, high energy and high power rechargeable lithium-ion batteries (LIBs) continue to dominate the power sources market for electric vehicles (EVs) and hybrid electric vehicles (HEVs) [1] [2] [3] [4] . It is believed that the key factor which limits the performance of rechargeable LIBs is the cathode materials. Among the cathode materials used at present, lithium-rich Mn-based oxide materials Li[M 1-x Li x ]O 2 (M = Mn, Ni, Co), which can be written either as a solid solution Li [Li x/3 Ni α (1-x) Co β (1-x) Mn 2x/3+γ (1-x) ]O 2 or a composite material xLi 2 MnO 3 ·(1-x)LiMO 2 (M = Ni, Co, Mn) [5] [6] [7] [8] , have been considered as the most promising cathode material for practical application since their environmental benignancy, low cost and encouraging high capacity (ca. 250 mAh g -1 ) when charged above 4.5 V [9, 10] . In spite of these merits, however, some serious drawbacks are needed to be resolved, including their intrinsically large initial irreversible capacity loss (ICL), inferior rate capability and cycle performance, and fast voltage decay during cycling [11] [12] [13] .
Many endeavors have been devoted to addressing these obstacles. Reduction of the particle size to nano-scale level, for instance, can shorten the Li + diffusion pathway and enhance the rate capability significantly. However, nano-materials also have some shortages, including low thermodynamics stability, low packing density and large side reactions between electrode and electrolyte [14] . Surface coating has also been performed to strengthen the cyclic stability and rate capability of layered lithium-rich materials, such as coating with metal oxides (Al 2 O 3 ) [15] , metal phosphates (LiNiPO 4 ) [16] , and metal fluoride (AlF 3 ) [17] . The coating layer can effectively prevent attack of the electrode surface by HF in the electrolyte, thus restraining the electrode erosion and improving the stability of battery system.
Furthermore, some coating layers, such as V 2 O 5 [18] , Co 3 O 4 [19] and LiNi x Mn 2-x O 4 [20] , can enhance the initial coulombic efficiency dramatically for serving as an insertion host to accommodate the irreversible lithium ions in the first electrochemical cycle. Another effective way to stabilize the thermal and structural stability is to use the cation doping in the bulk structure. The alien elements such as Fe [21] , Mo [22] , Al [23] and Ru [24] doping into the lattice structure of lithium-rich materials to substitute a small amount of Ni or Mn in the transition metal layer can boost the inherent conductivity and thermal stability, and then perfect the electrochemical performance. Currently, it is recognized that enlarging the Li layer spacing can accelerate the intercalation/extraction of Li + in the bulk lattice, thus significantly improving the rate capability. He et al. [25] used Na dope into the Li site of the lithium-rich material to synthesize a Na-containing oxide which possesses a larger space in the Li layer and delivers a superior rate performance (139 mA h g -1 at 8 C).
Based on the above successful case of substitution Li with Na to obtain a superior electrochemical performance oxide, it would be a reasonable and convenient design to prepare a high-rate capability and stable cyclic performance lithium-rich oxide simply by introducing the appropriate alkali ions into the Li layer. Because K ([Ar]4s 1 ) has an identical outer shell with Na ([Ne]3s 1 ), and also has a larger ionic radius and lower electronegativity than Na. Hence, it can be realized that doping K into the layered oxides to achieve more excellent electrochemical properties. Up to now, there have been few reports about doping K into the lithium-rich Mn-based oxide to render a material superior in kinetics and stability [26] . 
Sample characterization
The elemental molar ratios of the as-synthesized samples were detected by a Spectro ARCOS FHS12 inductively coupled plasma-atomic emission spectrometer Table 2 .
Compared to the LMN sample, the lattice constant a is largely unchanged for K-LMN sample. However, the lattice constant c is increased from 14.2442 Å (LMN) to
Å (K-LMN). This observation is in agreement with previous reports for
Na-doped Li-rich materials [25] . Theoretically, about 1.65% (molar ratio) K + ions (1.38 Å) introduced into the Li layer in the lattice, the effective ionic radius can be calculated as 0.77 Å for the ions at 3b sites, slightly larger than that of 0.76 Å for Li + ,
thus the lattice parameter c should be enlarged after doping. Moreover, the increased c-lattice parameter in the K-LMN sample provides a direct evidence for the enlargement of Li layer spacing, which would cause a substantially higher Li + diffusivity [28] . The c/a and I (003) /I (104) values of K-LMN are also higher than LMN sample, implying a more well-defined layered structure and a lower level of cation disordering after K doping into the pristine material [29] [30] [31] . These two peaks can be well assigned to K 2p 1/2 and K 2p 3/2 as previous reports [36, 37] . This observation of K 2p peaks provides a direct evidence for the existence of potassium in the K-LMN sample. Fig. 2 shows the SEM and TEM images of LMN and K-LMN samples. As can be seen, the LMN sample consists of sphere-like particles with a homogeneous distribution and an average particle size of about 300 nm (Fig. 2a) , whereas the K-LMN sample exhibits a cubic-like shape with distinct edges and corners and a slightly larger size of about 400 nm (Fig. 2b) . The morphological difference in the two samples is also observed in previous reports for Na-doped Li-rich oxides, and the explanation is that the alkali ions into the Li slab can reinforce the stability of the host layered structure so that the growth of the crystal tends to follow the direction of the layer [25] . The selected area electron diffraction (SAED) patterns of these samples respectively. In the structural models, the Mn and Ni atoms partially occupy octahedral 3a sites with no specific ordering while K and Li occupy octahedral 3b sites [41, 42] . In addition, a few 3b sites are occupied disorderedly by the Li/Ni/K due to their similar radius. After K doping into the Li layers, the c-parameter becomes larger as shown in Fig. 4c , and this kind of expansion can provide broader channels for the fast Li + migration and meanwhile alleviate the mechanical strain induced by volume change during the repeated Li + insertion/extraction processes. As reported [43] , furthermore, the Na-ion batteries have more robust structure than Li-ion batteries, therefore, the K-LMN sample may have a higher structural stability than LMN sample, which can tolerate the impact of high current density and guarantee the high discharge capacity.
The long-term cycling tests of LMN and K-LMN materials are shown in Fig. 5 .
After 100 cycles, the LMN sample barely releases a discharge capacity of 189 mAh g -1 at 0.5 C with poor capacity retention of 84%. However, the K-LMN sample exhibits excellent cycling stability with good capacity retention. The discharge capacity at 0.5 C approaches as high as 261 mAh g -1 at first cycle and maintains up to 244 mAh g -1 after 100 cycles. Additionally, high coulombic efficiency for the two samples is nearly 100% during cycles, which reveals a good reversibility for these electrodes.
It is generally known that the voltage decay during long-term cycling which originates from phase transformation from layered to spinel/layered intergrowth structure is a huge challenge for lithium-rich oxides [11, 13] . dQ/dV plots of both samples show three individual reduction processes during discharging, i.e., R e1 is related to the Li occupation within tetrahedral sites according to the NMR studies; R e2 is related to Li occupation within octahedral sites accompany with Ni/Co redox; R e3 is associated with Mn redox related to Li occupation within octahedral sites [44] . Here, the R e3 is selected to reveal the transformation of bulk layered structure. Obviously, the R e3 peak shifts continuously toward lower potential upon cycling, and the difference of R e3 between LMN and K-LMN samples is increasingly expanded, which indicates a more unstable structure for potassium-free sample. At 50 th cycle, the sharp peak at 2.62 V for LMN sample is linked to the spinel structure [41, 45] . This layered-spinel intergrowth is considered as an important factor which is responsible for the fast capacity loss and voltage decline upon cycling.
Comparatively, for K-LMN sample, the R e3 peak is observed at 3.18 V, indicating the absence of spinel phase during these cycling processes. The reason can be attributed to the large K + ion (1.38 Å), which is much bigger than Li + ion (0.76 Å), that is difficult to migrate out from the lattice during the charge and discharge processes.
Therefore, the K + ions would act as fixed pillars in the Li layers to ensure the structural stability [25] . Furthermore, some K + ions exist in the Li slab can inhibit the migration of transition metal ions from octahedral coordination to adjacent tetrahedral sites, which is crucial for the structure transformation from layered structure to the spinel variant [46] . It has already been confirmed that large cations are hard to form spinel structure within a fixed oxygen framework, and vice versa [41, 46] . K + ionic radius is much larger than Li + , hence, the spinel phase would be suppressed in the larger K + ions doped Li-rich oxides due to the steric hindrance in the K-containing domains. This could be better understood by the Na 0.5 MO 2 that has more steady structure than Li 0.5 MO 2 and transition from layered to spinel structure cannot occur in the Na compound by first principles calculations [43] . transfer resistance in the electrode-electrolyte interfaces, and W1 is the Warburg impedance for depicting Li + ion diffusion process in the electrode materials [47, 48] .
Each impedance spectrum is fitted well with suggested equivalent circuit model, and the corresponding resistance parameters are summarized in Table 3 . By monitoring both samples, a similar variation trend is found that the R s remains almost unchanged, whereas R ct has a clear growth upon cycling possibly due to a continuous structural evolution. In all the observed cycles, the R ct for LMN is higher than K-LMN, and its Compared to the undoped sample, the K-doped material shows a more ordered α-NaFeO 2 structure with regular cubic-like morphology and enlarged Li layer spacing.
The electrochemical measurements confirm that the substitution of K for Li results in a higher specific discharge capacity (299 mAh g -1 at 0.1 C), higher initial coulombic efficiency (87%), greatly enhanced rate capability (133 mAh g -1 at 10 C) and excellent cycling stability (94% capacity retention after 100 cycles at 0.5 C).
Moreover, the significant EIS results indicate that, compared to the potassium-free LMN sample, the K-LMN has a smaller charge transfer resistance (R ct ) because K + ion can restrain the spinel variant formation in the layered structure upon cycling.
Such superior electrochemical performances are reasonably ascribed to the K doping into the Li slab layer causing the enlargement of Li slab space, which facilitates the fast Li + insertion/extraction from the crystal lattice and meanwhile stabilizes the host layered structure by inhibiting the undesired spinel structure formation during cycling.
More importantly, this work provides a simple and convenient method to address the huge challenge of layered-spinel intergrowth in the lithium-rich materials that could significantly lower the energy density of the whole battery. Table 2 Refined lattice parameters of LMN and K-LMN samples. Table 3 Fitting impedance parameters of equivalent circuit for the samples at different cycles. 
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